Experimental studies of animals have previously demonstrated the validity of [1-ttClacetate as a tracer of oxidative metabolism for use with positron emission tomography. The present study was undertaken to define in normal human volunteers the relation between myocardial clearance kinetics of [1-"C]acetate, and the rate-pressure product as an index of myocardial oxygen consumption. Twenty-two studies were performed of 12 volunteers. The rate-pressure product was increased with continuous supine bicycle exercise in six studies. Of the 16 resting studies, seven were performed in the fasted state and nine following an oral glucose load, to define possible effects of substrate availability on the tracer-tissue kinetics. Myocardial tissue time-activity curves were biexponential. Clearance of activity was homogeneous throughout the myocardium. The rate constants ki, obtained from biexponential fitting, and kn..n, obtained by monoexponential fitting of the initial linear portion of the time-activity curves, correlated well with the rate-pressure product. Although the correlation coefficient was higher for kl than for km.,, (0.95 vs. 0.91), analysis on a sectorial basis showed less regional variability in kn..O. This suggests that korno,0 which is more practical than kl because it requires shorter acquisition times, may be more clinically and experimentally useful for detection of myocardial segments with abnormal oxygen consumption. Overall, changes in myocardial substrate supply were without significant effect on the relation between the rate constants (kl and k...0) and the rate-pressure product, although a small decrease in km0,,0/rate-pressure product was observed following oral glucose by paired analysis in four subjects. It is concluded that [1-"C]acetate can be used for the noninvasive measurement of myocardial oxygen consumption in humans with positron emission tomography, and, thus, has clinical and experimental potential as a tool for the understanding and diagnosis of myocardial disease. (Circulation 1989;80:863-872) itochondrial oxidation of intermediary substrates is impaired in myocardial ischemia.1,2 Clinical efforts to characterize this impairment in oxidative function noninvasively have incorporated analyses of radiolabeled fatty
acid kinetics in myocardium. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] Although characteristic changes in uptake and clearance of labeled fatty acids have been observed in myocardial ischemia, these changes reflect the net effect of diminished oxygen supply on each of the steps in fatty acid utilization and are not specific for impairment of 3-oxidation.2 Uptake and clearance of labeled fatty acids are markedly affected by substrate availability,13-15 in addition to myocardial workload. 16 To characterize more precisely the metabolic state of the myocardium, a selective tracer of mitochondrial oxidative function is required.
In the early 1980s, [1-1"C]acetate was examined both in animal studies17 and in patients with coro-nary heart disease.Y' In these largely qualitative studies, a dependency of myocardial washout of [1-'1Cjacetate on myocardial oxygen consumption was found. Studies of isolated rabbit hearts using [1-"C]acetate'9 and of isolated rat hearts using [1-'4C] acetate20 established a linear correlation between myocardial acetate clearance and myocardial oxygen consumption under a variety of different flow and metabolic conditions. Furthermore, it was shown that, by far the largest fraction of tracer leaving the myocardium after application of [1-1"C]acetate and [1-'4C] acetate was in the form of labeled CO2. 19, 20 Recent studies with positron emission tomography have indicated that [1-"C]acetate traces tricarboxylic acid (TCA) cycle activity in canine myocardium, as well. 21 25 This tracer might, therefore, prove clinically useful as an indicator of myocardial oxidative capacity. In experimental canine preparations, the clearance of [1-1'C]acetate from myocardium is biexponential. 22, 26 The decay constant of the initial component of the clearance curve was found to be linearly related to myocardial oxygen consumption. Thus, analysis of [1-1"C]acetate kinetics should accurately reflect myocardial oxygen consumption and, therefore, mitochondrial oxidative flux in human subjects. To validate the clinical utility of this tracer, we used it with dynamic positron emission tomography in healthy volunteers under varying metabolic and work-load conditions to establish high temporal resolution [1-"C]acetate time-activity curves. We correlated the parameters of time-activity curve fitting with [1-1"C]acetate to estimates of myocardial oxygen consumption derived from rate-pressure product (RPP) measurements. [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] The goals of the study were, thus, to determine the relation between acetate clearance kinetics and the RPP over a range of cardiac work and to investigate the effects of changes in plasma substrate concentration on this relation. Positron Emission Tomography Positron emission tomography was performed using the UCLA ECAT III whole body tomograph, which has been previously described. 37 The tomograph has 1,024 detectors arranged in two circular rings around a 65-cm diameter opening, allowing the simultaneous acquisition of three image planes (two directly and an interpolated center plane). Following the intravenous administration of 5-15 mCi [1-'C]acetate as a bolus spread over 30 seconds, six sets of positron tomographic images were obtained for 30 seconds each, followed by eight image sets for 60 seconds each, five image sets for 120 seconds each, and seven image sets for 240 seconds each (total imaging time, 49 minutes). Heart rate and cuff blood pressure measurements were recorded every 5-10 minutes throughout the imaging period. Systolic arterial blood pressure averaged from 8 to 12 measurements was multiplied by the mean heart rate to determine the RPP. Venous blood samples for glucose, free fatty acid, lactate, oxygen saturation, and hemoglobin levels were obtained at 2 and 45 minutes following tracer administration.
Methods

Study Population
Study Protocol
ECG was monitored throughout each study. The 12 subjects were fasted overnight. Seven of the subjects were studied initially in the fasted state, and five subjects were given a 50-g oral glucose load 30 minutes prior to injection of [1-1"C]acetate. In 10 of the volunteers, a second injection of [1-1"C]acetate was performed 60 minutes after the first injection and image acquisition repeated. Due to the short physical half-life (20.4 minutes) and rapid biologic clearance of "C activity from myocardium, residual activity from the first [1-'C]acetate injection was less than 3% at the time of the second injection. Thus, residual activity at that time was negligible. Six subjects, four previously given oral glucose and two previously fasted, were imaged again during continuous supine exercise. Exercise was performed with a bicycle ergonometer clamped to the sides of the tomograph bed. Two adjustable handles were attached to the sides of the bed, enabling the volunteer to anchor himself in one position. In this way, patient movement was minimized during exercise imaging. Exercise was begun with no resistance, and the work load increased over the next several minutes to a level that the subject believed he could maintain for 49 minutes. Once a steady state had been achieved, dynamic positron tomographic imaging was performed in a fashion identical to that of the baseline study. Work loads ranged from 25 to 130 W, with a mean of 62+43 W. There were no arrhythmias or repolarization changes during rest and exercise.
For four of the volunteers, studied initially following an overnight fast, a second [1-"C]acetate study was performed in the resting state 30 minutes following a 50-g oral glucose load, using the same image acquisition protocol. Thus, a total of 22 studies were performed of the 12 volunteers, consisting of seven fasting studies, nine postoral glucose studies, and six studies during exercise. The six exercise studies were combined into a single group because there were no significant differences in plasma substrate levels during the exercise study between the four individuals previously glucose loaded and the two fasted. These three study groups were, thus, defined as rest at the fasted state, rest after oral glucose administration, and exercise conditions. For both the exercise and metabolic interventions, heart rate and cuff blood pressure measurements were obtained every 3 minutes at the beginning and every 7 minutes at the end of each experiment in a fashion identical to the baseline study. Blood samples were withdrawn twice, at 2 minutes and at 45 minutes after tracer injection. The study protocol was approved by the Human Subject Protection Committee of the University of California, Los Angeles, and each volunteer signed an informed consent form approved by that committee.
Image Analysis
A maximum of three contiguous cross-sectional images were analyzed per study. The midventricular level was analyzed in each study, the other levels only if they contained a considerable amount of myocardium. The images were analyzed using a semiautomated edge-detection routine. 38 Following manual assignment of ellipses on an image showing optimal distinction between myocardium and blood pool to approximate the inner and outer myocardial boundaries, the routine automatically defined the endocardial and epicardial borders, using a Gaussian fitting routine, and divided the left ventricular myocardium into eight equal sectors. An alignment along the long axis was assigned to this circumferential profile by the investigator, and sectorial subdivision started at the left lower line of this long axis in a clockwise fashion. An additional small region of interest was assigned to the center of the left ventricular blood pool by the investigator in the position of lowest activity on a late image to reduce spillover from the myocardium to the region of interest in the blood pool.39 Tissue`1C time-activity curves were then generated for each myocardial sector and for arterial blood. Correction for loss of counts due to the partial volume effect40 was performed using the regional wall thickness determined by the edge-detection routine and a recovery coefficient derived from phantom calibration experiments. 40 It should be noted that correction for partial volume introduces a constant that does not affect the determination of rate constants for tracer clearance. The time-activity curves were also corrected for physical decay of`1C activity. Using iterative least-square routines, regional myocardial time-activity curves and mean time-activity curves for each slice were then fitted biexponentially for calculating clearance rate constants (defined as k1 and k2) and clearance half-times for the first and second exponentials (Figure 1 ). The linear portion of the first exponential was also fitted monoexponentially to give kmono (Figure 1 ). The linear portion of the curve was determined visually from semilogarithmic plots of the data for the whole plane. Rate constants were also determined after subtraction of spillover activity from the blood pool into the myocardial regions of interest. The spillover fraction or the fraction of activity contained in the blood pool that is falsely projected into the myocardial region of interest depends on both blood in myocardial vessels and the limited spatial resolution of the imaging device. A spillover fraction of 42% of bloodpool activity was used. This factor was determined with C1`O labeling of red blood cells and PET imaging in 11 dogs in which spillover of activity from blood pool to myocardium was 42.0±8.6% (C. Nienaber, unpublished observations). Monoexponential and biexponential fitting of the summed time-activity curves for the eight sectors was used to give mean rate constants for the overall myocardial plane.
Data Analysis
Values are given as mean±SD. For statistical analysis, comparison of groups was by analysis of variance (ANOVA), followed by Bonferroni's modified t test when significant intergroup differences were indicated by ANOVA.41 Paired samples were compared using Student's t test for paired data. Regression analysis was by least-squares fitting. Statistical significance was indicated by p values equal to or less than 0.05.
Results
Hemodynamic and Metabolic Parameters
Hemodynamic and metabolic results for the 22 studies are summarized in Table 1 . Exercise (group 3) significantly increased heart rate by 93%, systolic pressure by 37%, and RPP by 164%, compared with resting studies. In the resting state (groups 1 and 2), there were no significant hemodynamic differences between studies in the fasted state (group 1) and those postoral glucose (group 2). However, in the four volunteers who were studied sequentially in the fasted state and then postglucose, small but statistically significant increases in heart rate (from 52±8 beats/min to 58±8 beats/min; p<0.001) and RPP (from 5,511±1,102 mm Hgxbeats/min to 6,539±1,427 mm Hgxbeats/min; p<0.01) were observed with glucose by paired analysis. This increase is likely to reflect higher cardiac demand in response to elevated intestinal blood flow in the absorptive state. 42 Administration of oral glucose increased plasma glucose levels by 54% and decreased plasma free fatty acid levels by 55% in venous blood (Table 1) . No other significant hemodynamic or metabolic differences were observed. Hemodynamic parameters remained stable throughout all experiments with a mean SD of ± 2.4% for blood pressure and ±5.5% for heart rate.
Positron Emission Tomography
Tomographic images obtained at a midventricular level following intravenous administration of [1-'C]acetate at rest and during continuous supine bicycle exercise in the same subject are shown in Figure 2 . In both studies, activity is initially observed in the right and left ventricular blood pools but clears rapidly from blood, moving into the left ventricular myocardium. Visually, subsequent clearance of tracer from tissue appears largely homogeneous in both studies. Also noteworthy is the more rapid disappearance of activity from myocardium in the exercise study. Average time-activity curves generated for the entire myocardial cross-sectional plane from the volunteer shown in Figure 2 at rest and during exercise are depicted in Figure 3 . The exercise study gave very similar blood-pool activity results compared with the study at rest. Peak blood-pool activity was achieved quickly, occurring in the second image 30-60 seconds after the beginning of isotope injection. Overall, there were no significant differences in arterial input function between resting and exercise studies. Myocardial tissue activity reached a maximum later, at 120 seconds in the rest study, before declining biexponentially. In exercise, tissue activity peaked earlier, at 105 seconds, and declined faster.
The time-activity curves obtained from the serial images were fitted both biexponentially, beginning with the point at which phase 1 became linear, and monoexponentially, using only the linear portion of phase 1 (Figure 1 ). Table 2 , acetate kinetic parameters for the three experimental groups are summarized. Both k1, the rate constant for the first exponential obtained by biexponential fitting, and kmono, the rate constant obtained by monoexponential fitting of phase 1, were increased significantly by exercise. Peak myocardial tissue-tracer levels also occurred signifi- cantly earlier in exercise than at rest; a significant inverse relationship was found between RPP and the time to peak tissue activity (y=222-0.0053x, r=0.635, p<0.0015) No significant intergroup differences were found for the blood-pool activityclearance constants (results not shown). Tissue-activity data were also fitted after correction for spillover of activity from the blood pool to the myocardium, to determine whether failure to correct for blood-pool contamination of tissue activity would significantly affect the measured kinetics. In mono-and biexponential fitting, rate constants obtained without spillover correction correlated closely with those obtained from spillovercorrected data (r=0.99,y=0.005+1.17x; and r=0.97, y = 0.005 + 1.13x, respectively), with values obtained being approximately 15% lower. However, spillovercorrected time-activity curves were noisier, and biexponential fitting was more difficult, particularly at low work loads when the second exponential is not well resolved. For this reason, nonspillovercorrected data were used for subsequent analysis.
One major goal of the study was a comparison between RPP, as an index of myocardial oxygen consumption, and myocardial [1-1'C]acetate washout. The relations between the rate constants for the first exponential, k, and km0no, and the RPP for the 22 studies are shown in Figure 4 . Both rate constants showed a close linear relation with cardiac work, as measured by the RPP. Correlation coefficients were 0.91 and 0.95, respectively, for monoexponentially and biexponentially derived rate constants (p<0.001). The y intercept for the kl versus RPP plot was negative, whereas for kmono versus RPP, the y intercept was positive.
Another objective of this study was to examine whether [1-'1C]acetate clearance-rate constants for a given RPP (MVo2) were independent of substrate availability and, thus, of myocardial substrate consumption. The ratios of kmono/RPP and kl/RPP were, therefore, determined. These ratios should be constant because the relations between the rate constants and RPP are linear. The ratios were plotted against RPP to examine if this relation between k and RPP remained unchanged over the whole range of cardiac work load achieved.
.U4r * i * X * kmono/RPP decreased with increasing RPP (p<0.05), probably because of the positive y intercept of this relation. kl/RPP tended to increase with RPP; however, the relation did not reach significance (p=0.15).
Furthermore, ki/kmono was plotted against the RPP to investigate whether both rate constants reflected RPP in the same way over the entire range. As would be expected from the aforementioned relations, ki/kmono increased significantly (p<0.001) with increasing RPP (Figure 5 ). Thus, kl and kmono did not represent a given RPP (MVo2) in all areas the same way, probably due to difficulties in fitting the curves exactly for kl in the low RPP range and for kmono in the high RPP range. Thus, this relation appeared to depend on limitations in fitting the time-activity curves.
kl/RPP did not reveal any significant intergroup differences, although the value obtained for the exercise group (group 3) tended to be somewhat higher than for the fasted and postglucose groups (groups 1 and 2) (p=0.07). The k/RPP ratio was used in each metabolic group to rule out that k might represent RPP differently under various metabolic conditions. The changes in substrate blood levels were only moderate, as mentioned before. In addition, paired comparison of the six experiments in which subjects were studied first at rest and then during exercise demonstrated a significant increase in kJ/RPP, from Regional time-activity curves were also generated for eight myocardial sectors to determine the degree of heterogeneity of acetate clearance kinetics throughout left ventricular myocardium. Regional time-activity curves were fitted both biexponentially and monoexponentially, as described for the whole myocardial plane. Regional values of k1 and kmonowere then expressed as a percentage of the respective values obtained for the whole myocardial plane. Figure 6 shows unrolled cross-sectional plots of regional kl (A) and kmono (B), normalized to the whole plane values. In both cases acetate kinetics were homogeneous throughout the left ventricular myocardium, with no sectors showing significant deviation from the mean values for kl or kmono obtained for the whole plane. However, the sectorto-sector variability was much less for regional kmono5pwith a SD of 9.0+1.3%, than for kl (standard deviation, 15.8+3%), reflecting the relative difficulty in fitting biexponentially on a regional basis due to lower counting statistics. In Figure 6 , the regional 2 SD range, as depicted with a hatched area in each figure, represents the 95%-confidence interval of intersector variability within each volunteer.
Discussion
Previous studies of animal models, in vitro and in vivo, have demonstrated the potential value of [1-11C] acetate and dynamic PET for the noninvasive measurement of regional oxygen consumption in vivo. [21] [22] [23] The results obtained in the present study of human volunteers confirm the potential clinical value of [1-1"C]acetate and PET. Clearance of "C activity following bolus injection of [1-1"C]acetate was biexponential, in agreement with results obtained in animal studies. [19] [20] [21] [22] [23] The first exponential has been demonstrated to reflect direct oxidation of [1-1"C]acetate via the TCA cycle, whereas the second exponential is thought to represent activity in equilibrium with amino acid pools via transamination of TCA cycle intermediates. 43 The septum is seen on the left side, the anterior wall at the top, the lateral wall on the right side. Note that acetate washoutfrom the myocardium takesplace much faster with exercise than with rest. At 15 minutes, the myocardium is still visible on the resting study, whereas tracer has practically disappeared from the heart with exercise.
linearly with myocardial oxygen consumption. Figure 2 . Myocardial activity was determined from the mean activity of the eight sectors. Note that the "C acetate clearance curve is markedly steeper with exercise than at rest, as indicated by a higher k, value. k2 values were 0. 004/min for the resting and 0. 008/min for the exercise studies.
constant for the first exponential and the RPP was found. Several studies have demonstrated the RPP to be an accurate noninvasive index of myocardial oxygen consumption, with correlation coefficients for MVo2 ranging from 0.81 to 0.90 in dogs32435,36 and 0.86 to 0.90 in humans.28 32 The range of RPP obtained in the present study corresponds to an MVo2 range of 5.0 to 25.0 ml/100 g/min.32 Thus, in agreement with animal studies in which myocardial oxygen consumption was measured directly by the Fick principle and microsphere flow measurement, the rate constant for the first exponential of "C clearance following intravenous [1-IlC] acetate administration correlates well with myocardial oxygen consumption, assessed in this case indirectly by the RPP.
Both kmono, the rate constant obtained by monoexponential fitting of the short linear portion of the first exponential, and kl, the rate constant for the first exponential obtained by biexponential fitting of the time-activity curves, correlated well with the . Comparison of rate constants obtained in fasting and glucose loading did not reveal any striking effects on the relation between the rate constants and the RPP. Whereas paired analysis in the four subjects studied first fasted and, then, after oral glucose showed a significant decrease in kmono/RPP in response to glucose, the RPP also increased in response to glucose in these subjects. Because increasing RPP was shown to correlate with decreasing kmono/RPP, the small change in response to glucose probably reflects the hemodynamic alterations, with consequent change in the accuracy of the monoexponential fitting. This is supported by the absence of a significant alteration in kl/RPP in these subjects in response to glucose.
Regional kinetic analysis of time-activity curves confirmed the impression obtained visually that clearance of activity following bolus injection of [1-1C] acetate was homogeneous. Comparison of the regional variability of rate constants for the first exponential of acetate clearance obtained by monoexponential and biexponential fitting demonstrated that monoexponential fitting of the linear portion of the exponential gave much less regionto-region variability than biexponential fitting of the whole curve. Theoretically, the use of the rate constant k1 appears more appropriate than measuring the artificial rate constant kmo o, because k1 represents one of the two clearance phases. Calculation of k1, however, is often inadequate because of difficulties in fitting accurately the second exponential curve component using regional time-activity Sector FIGURE 6. Regional myocardial clearance rates of 11-"C]acetate, kl, and kmono, are unrolled in a midleft ventricular cross-section. Sectorial time-activity curves were fitted biexponentially (kl) or monoexponentially for the short linearportion ofthe first exponential (kmono). The rate constants were then expressed as a percentage ofthe respective rate constant determined for the whole plane. Sector numbering started at the long axis and proceeded clockwise. SEPT, septum; ANT, anterior wall; LAT, lateral wall. curves, rather than whole plane data with the consequent lower count rates. Clinical studies with [1-'1C]acetate and PET are likely to involve normalization of regional acetate-rate constants to values obtained for the whole plane, followed by comparison with a data set obtained in normal volunteers to determine whether regional variability is significant. Thus, monoexponential fitting of the first exponential is likely to be clinically more useful and practical, because the 2 SD range of the normal volunteers is smaller than kl, allowing detection of smaller regional abnormalities of myocardial oxidative metabolism. Additionally, monoexponential fitting can be performed without calculation of a rate constant for the second clearance phase and, thus, permits shorter acquisition times. It is noteworthy that studies of dogs with [1-1"C]acetate demonstrated that the relative size of the second exponential varied little over a wide range of metabolic conditions.22 Because the contribution of the second exponential does not vary much, kmono is expected to give an accurate reflection of the first exponential. Accurate assessment of the relative size of the second exponential in the current studies was precluded at low myocardial work load by the inability to fit the second exponential accurately. There was no obvious trend between k2 and any hemodynamic parameters, given the short segment of the time-activity curve available for fitting in this study. The turnover rate for this second component thus appeared to be relatively constant. For the six exercise studies, the relative size of the first exponential, determined by extrapolation of the two exponentials back to the time of peak tissue activity,'3 was 84.6+6.6%, very similar to the results obtained in closed-chest dogs (82.0±5.1%, n=18) over a range of metabolic conditions.22 The rate constant for the second exponential (k2) was 0.016±0.005/min for the six exercise studies, giving a clearance half-time of 43.6+13.7 minutes. At low work loads, estimates of k2 were unreliable, due to the slow first exponential still making a significant contribution late in the study, again favoring use of kmono, as already evidenced by regional variability.
For [1-1"C]acetate to be useful as a tracer of overall oxidative metabolism, acetate kinetics must be relatively insensitive to changes in myocardial substrate supply and use. Studies of dogs have demonstrated kl/MVo2 to be modestly but significantly higher in dogs using predominantly carbohydrate than in fatty acid-using dogs, but the difference was small (<15%). 22 No marked effects of nutritional status on the relation between acetate kinetics and the RPP were found in the present study. Administration of oral glucose to fasted volunteers led to a small decrease in kmono/RPP by paired analysis, but this was accompanied by an increase in RPP, that also tends to decrease kmono/ RPP. Thus, although myocardial substrate consumptions were not measured in this study, changes in nutritional state, which are expected to shift myocardial metabolism from fatty acid to carbohydrate metabolism, had little effect on the relation between acetate kinetics and RPP. These differences compared with earlier dog studies employing exact assessment of MVo2 might be because RPP is only an estimate rather than a measure of MV,2. The relative independency of kl or kmo,no for [1-"1C] acetate is in marked contrast to results obtained with [1-1"C]palmitate, in which changes in substrate use have pronounced effects on palmitate kinetics, precluding the use of [1-"C]palmitate for quantitative assessment of oxygen consumption. [l-'1C]acetate has an additional advantage in that backdiffusion of nonmetabolized acetate is minimal in ischemia and reperfusion.45 In contrast, when using [l-'C]palmitate as tracer, back-diffusion of nonmetabolized tracer is a significant problem, causing severe contamination of the tracer-kinetic curves, making interpretation of the metabolic information problematic.46,47 Measurement of the rate constant for the first exponential of`1C clearance following intravenous [1-"C]acetate administration permits accurate measurement of regional myocardial oxygen consumption in normal volunteers over a wide range of hemodynamic and metabolic conditions. Monoexponential fitting of the short linear portion of the first exponential is more useful for practical purposes, gives less regional variability than biexponential fitting, and is likely to be more accurate, particularly in patients with regional ischemia. In such cases, regional oxygen consumption is low, and the second exponential, thus, is poorly resolved in the time course of the scan, making biexponential fitting inaccurate. The capability of measuring regional myocardial oxygen consumption in vivo will add a new dimension to the study of metabolic disturbances in pathophysiologic disease states.
